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ABSTRACT
SELF-INCOMPATIBILITY IN CHEIRANTHUS ALLIONII
by
LEE ANNE CHANEY 
University of New Hampshire, December, 1980
The presence of a self-incompatibility (SI) system in the polyploid 
crucifer, Cheiranthus allionii = Siberian wallflower, was suggested by 
results of greenhouse screening and confirmed by results of controlled 
pollinations in the field. Sporophytic control of the system was 
indicated by a stigmatic barrier to incompatible pollen tube growth, 
seen in scanning electron micrographs, and by differences in reciprocal 
cross-compatibilities. Strength of the SI system varied, but no 
completely self-compatible plants were found. Marked segregation for 
SI level within self- and cross-progenies of a plant with weak SI 
suggested that weak SI might be due to a single gene. The strength of 
the SI system was stable through one generation of selfing. However, 
no evidence of inbreeding depression on number of seeds per open- 
pollinated silique was observed. SI levels were independent of open- 
pollinated fertility levels. The use of heterogeneous material 
emphasized the advantage of a relative measure of SI level.
Concentrated sucrose solutions (30% w/w) supported pollen germina­
tion and tube elongation. Stigma surface components, leached directly 
into the germination medium, delayed or inhibited germination of 
incompatible pollen.
This organism provides a tool for the study of SI in heterogeneous 
populations of a natural polyploid and for the study of interactions 
between pollen and stigma components.
INTRODUCTION
Self-incompatibility (SI) is a common outbreeding mechanism in 
angiosperms. It involves disruption of normal function of pollen from 
the same plant or from any conspecific plant with the same phenotype. 
Thus the "self" which is rejected includes not merely a unique individ­
ual, but rather an entire phenotypic class. The specificity of each 
phenotype is determined by a very large series of multiple S-alleles, 
more than are known for probably any other angiosperm locus. That both 
recognition and rejection of "self" are involved in the SI phenomenon is 
clear. However, precise timing, localization and actual mechanisms of 
control of these two processes are still unknown. Elucidation of these 
aspects is complicated by the fact that in some families, pollen pheno­
type is determined solely by the S-allele(s) carried in the grain, 
while in others, it is determined by the combination of S-alleles 
carried in the sporophytic parent plant. In all known cases, pistil 
phenotype is sporophytically determined.
To expand the base of information on SI in crucifers, Cheiranthus 
allionii, a garden ornamental, was chosen. It has been selected and 
bred only to a very limited extent and has flowers large enough, for 
easy manipulation. This study was done to determine whether this 
organism had an SI system, and if so, to determine the nature, strength, 
and control of the SI reaction.
1
X. LITERATURE REVIEW
Homomorphic sporophytically controlled self-incompatibility (SSI) 
was first described in 1950 in studies on two members of the Compositae 
(Gerstel, 1950; Hughes & Babcock, 1950). Subsequent work (Crowe, 1954) 
suggested that SSI might be a characteristic of the family. Soon after, 
Bateman argued that SSI was typical of the Cruciferae as well. In 1952, 
he discussed theoretical considerations of sporophytic contrasted to 
gametophytic self-incompatibility (GSI). In 1954, he presented the 
first evidence supporting the presence of SSI outside the Compositae, 
based on the results of intra-family pollinations iii Iberis amara. In 
1955, he re-examined earlier data on Cardamine pratensis, Capsella 
grandiflora and Brassica, showing how these results were better 
explained by SSI than GSI. Over the next ten years, SSI was reported 
in at least three cruciferous genera in both wild and cultivated forms; 
Lesquerella densipila and the hybrid L. densipila X L . lescurii 
(Sampson, 1958); Raphanus raphanistrum, wild radish (Sampson, 1964),
R. sativus, Japanese radish (Haruta, 1966); Brassica oleracea var. 
acephala, marrow-stem kale (Thompson, 1957), IJ. oleracea var. italica, 
broccoli (Odland, 1962), cabbage (Adamson, 1965), and other Brassica 
species (Haruta, 1966). In all these species, SSI was controlled by a 
series of multiple alleles at a single S-locus.
Interactions among S-alleles were characteristic of SSI. In 
Crepis foetida, reciprocal differences in pollinations were due to 
dominance in the pollen; no dominance was observed in the style 
(Hughes & Babcock, 1950). However, Crowe found dominance in both
2
3pollen and stigma of Cosmos bipinnatus (another composite) and noted 
that dominance relationships could not be predicted, since they often 
differed in pollen and style. In the crucifer Iberis, Bateman (1954) 
found dominance, incomplete dominance and independence in pollen and 
style. Here also, the relationships were not necessarily the same 
in the two organs. The alleles could be arranged in linear order of 
dominance, with independent alleles on the same level. The non­
parallel dominance orders in pollen and style helped explain the 
apparent contradiction noted by Hughes and Babcock, (1950): A large
number of mutually exclusive S-alleles implied multi-dimensional 
qualitative differences between them, while a linear dominance series 
implied uni-dimensional quantitative differences. Later work (Haruta, 
1966; Odland, 1962; Sampson, 1958) revealed similar patterns of 
allele interactions in other crucifers. Thompson and Taylor (1966a) 
discussed non-linear dominance in Brassica, with regard to its 
frequency and occurrence in pollen and style. They noted (Thompson 
and Taylor, 1966b) that recessive S-alleles have higher equilibrium 
frequencies than dominants.
Early workeris observed that the self-incompatibility (SI) 
phenomenon was not uniform within a taxon. Several cruciferous genera 
contained both SI and self-compatible (SC) species (Bateman, 1955), the 
natural frequency of partially SC species being high (Bateman, 1952). 
Only a weak correlation was observed between SI and perennial habit in 
the family (Bateman, 1955). Cabbage, usually strongly SI, contained 
one SC variety (Adamson, 1965). In marrow-stem kale, SI plants segre­
gated in first and second generations of inbreeding from SI plants, but
0 .
no relationship between SC and the S-locus was established (Thompson,
1957; Thompson & Howard, 1959). Watts (1963) found that autumn and 
winter cauliflowers exhibited "facultative SI", and suggested that the 
SC in summer cauliflowers was an accidental response to constant selec­
tion of a few plants for uniformity. Thompson and Taylor (1966b) 
reported SC factors in JJ. oleracea, independent of the SI system, which 
were usually expressed only in the absence of dominant S-alleles.
Finding that high frequencies of recessive S-alleles and high, frequen-. 
cies of SC plants were often associated, they concluded that strong 
selection for agronomic quality in cultivated Brassicas has resulted in 
a sequence of changes in the breeding structure: 1) increased fre­
quency of recessive S-alleles; 2) reduced number of S-alleles; 3) estab­
lishment of SC; 4) erosion of inbreeding depression.
Different individuals of Brassica and Raphanus showed different 
levels of SI (Kakizaki & Kasai, 1933). Even selection for strong SI 
could not insure uniformly high levels in progeny (Attia & Munger, 1950). 
Dominance of S-alleles and strength of SI were found to be correlated 
COdland, 1962; Thompson & Taylor, 1966b). In the presence of weak S- 
alleles in Crepis, modifying genes had important influence (Hughes & 
Babcock, 1950).
Although Gerstel and Riner (1950) found no seasonal or pseudo-self­
compatibility (PSC) in the composite guayule, PSC proved to be common 
in crucifers, due to both internal and external factors (Haruta, 1966; 
Stout, 1922; Thompson, 1957; Thompson & Howard, 1959). Expression of 
PSC in bud pollination was soon utilized to establish and maintain in- 
bred SI lines for production of hybrid crucifers (Kakizaki & Kasai, 
1933; Odland & Noll, 1950).
Artificial allotetraploids of SI species of Brassica (Bateman,
51955; Howard, 1942), Raphanus (howard, 1942), and guayule (Gerstel & 
Riner, 1950) were all SI. However, the corresponding natural poly­
ploids were all SC (Bateman, 1955; Gerstel & Rlner, 1950). Bateman 
(1955) argued that this SC must be secondary, on the basis that poly­
ploidy itself should not result in breakdown of SSI, as it does in GSI, 
since allelic interactions are characteristic of SSI even in the 
diploid. In rape (Brassica) and mustard (Siriapsis), the species with 
low chromosome numbers were nearly 100% allogamous, while those with 
high- chromosome numbers were only about 30% allogamous under natural 
conditions (Olsson, 1960). Since earlier studies had shown artificial 
rape to contain both SI and SC plants, Olsson (1960) concluded that 
specific gene combinations, not polyploidy as such, were responsible 
for SC in the natural polyploids.
Gerstel and Riner (1950) noted in the composite guayule that 
incompatible pollen grains (PG's) germinated at a lower rate than 
compatible PG's, and that incompatible pollen tubes (PT's) were unable 
to penetrate beyond the stigma epidermis. This indicated stigmatic 
inhibition, as opposed to stylar inhibition found in GSI. The same 
phenomenon was found in the crucifer Lesquerella, where incompatible 
PT's failed to penetrate the stigma (Sampson, 1958). Iri Brassica, 
equal seed set in all parts of the capsule indicated inhibition was 
limited to the stigma (Watts, 1963). Removal of the stigma in Iberis 
before an incompatible pollination resulted in seed set (Bateman, 1954). 
However, stigma removal did not overcome SI in the composite guayule, 
since the stigma receptive surface was necessary for PG germination 
(Gerstel & Riner, 1950). Brewbaker (1957) noted the correlation 
between pollen nuclear number and genetic control of pollen SI pheno-
6type: GSI plants had binucleate PG's.; SSI plants (the composites and
crucifers) had trinucleate PG's. Thus, morphological and cytological 
differences were added to the difference in genetic control of response 
in SSI and GSI.
Results of genetic studies on SI, SC, and PSC in Brassica and 
Raphahus during the last 15 years have been consistent with earlier 
findings. Evidence has increased that activity and cominance of S- 
alleles are related (Hoser-Krauze, 1979; Ockendon, 1975) and that lines 
with strong SI have more consistent expression of it (Ockendon, 1973). 
Dominant S-alleles have proven to be rare in Brassica species (Ockendon, 
1974), the most common S-allele in all horticultural forms of Brassica 
being S2, which is completely recessive in pollen but fully active in 
stigma (Ockendon, 1975). Cultivars resulting from strong selection for 
uniformity and agronomic quality have shown reduced numbers of S-alleles 
(Ockendon, 1974) and increased amounts of inbreeding (Ockendon & Currah, 
1978, 1979), especially compared to wild forms (Sampson, 1967). Alto­
gether about 50 S-alleles have been reported in Brassica and about 35 
estimated in Raphanus (Sampson, 1967). Mutual weakening or competitive 
interaction in the SSI system of crucifers has been further documented 
(Ockendon & Currah, 1979; Thompson, 1972). In a thorough consideration 
of S-rallele interactions, Wallace (1979a) has concluded that in the 
heterozygote each S-allele can be 0-1002 active in both pollen and 
stigma. A dominant SC factor, independent of the S-locus, has been 
reported in kale (Thompson & Taylor, 1971).
For practical utilization of SSI in breeding (Litzow & Ascher,
1977), Wallace (1979b) has given procedures for identifying strongly 
SI plants which are S-homozygotes (for production) or S-hetero-
7zygotes (for 3- and 4-way crosses). Johnson and Blyton-Conway (1976) 
pointed to advantages of dominant S-alleles. for F^ production, and to 
older, relatively unimproved cultivars as sources of dominants. Mackay 
(1977) described introducing SI by introgression into an SC species. A 
change in breeding structure from SI to SC has been shown to alter 
variance components in the population (Sharma, 1978). The flower-to- 
flower variation in SI, although hard to reduce, was found to be less 
evident in seed set than in numbers of PT's in the style (Ockendon & 
Currah, 1978, 1979).
Complex GSI systems, like those in the grasses, under complementary 
control of two to four S-loci, have been discovered in Beta and 
Ranunculus (Larsen, 1977; Lundqvist et al., 1973; Maletsky & Weisman, 
1978, 0sterbye, 1975, 1977). A similar complex SSI system, under 
complementary control of two or three S-loci, with dominance and codom­
inance in pollen and stigma, has been postulated to explain the data on 
the crucifer Eruca sativa (Lewis, 1977; Verma, Malik, & Dhir, 1977).
The SSI in hexaploid garden Chrysanthemum was found to be stable 
under polyploidy, although some PSC did occur. Results from intra­
family pollinations indicated more than one S-locus was acting (Drewlow, 
Ascher, & Widmer, 1973). Although SC was rare in the Chrysanthemum, 
Ronald and Ascher (1975) found, in SC X SI or SI X SC crosses, that SC 
appeared consistently in the F^ , and that the progeny of SC plants were 
apt to show PSC.
Cruciferous flowers are uniformly of the dry-stigma type, their 
unicellular papillae (Heslop-Harrison & Shivanna, 1977) having a dis­
continuous cuticle covered by a hydrated protein pellicle (Mattsson et 
al., 1974) and waxy deposits (Roggen, 1972). Papillae are tightly
packed in young stigmas but at maturity are spread sufficiently apart 
that PG's can be lodged between them (Ockendon, 1972). A retardation 
in growth of papilla cells a few" days before anthesis coincides with the 
end of the period of SC during which bud selfing is effective (Gonai & 
Hinata, 1971b). However, no clear cytological changes in papillae have 
been correlated with development of SI (Dickinson & Lewis, 1975). As 
the PG's mature, protein and lipid from tapetal cells, and thus of 
sporophytic origin, are deposited in exine cavities to form a viscous 
tryphine coating (Dickinson & Lewis, 1973b; Heslop-Harrison et al., 1973,
1974), which is stable during standard specimen preparation for scanning 
or transmission electron microscopy (Hesse, 1979).
After compatible pollination, the tryphine disperses onto the 
stigma surface and fuses with surface components (Carter, Williams, & 
McNeilly, 1975; Dickinson & Lewis, 1973a, 1975; Roggen, 1972; Stead, 
Roberts, & Dickinson, 1979). Compatible PT's erode the cuticle at some 
penetrable point (Dickinson & Lewis, 1975) and grow within the papilla 
wall by dissolving pectic components (Kroh, 1964) on mature or immature 
stigmas (Carter, Williams, & McNeilly, 1975). Papillae often show 
disorganized cytoplasm after sperm passage and eventually collapse 
(Dickinson & Lewis, 1973a; Roggen, 1972).
Incompatible PG's behave as compatible when applied to immature 
stigmas of most crucifers (Carter, Williams, & McNeilly, 1975; Shivanna, 
Heslop-Harrison, & Heslop-Harrison, 1978). However, on mature stigmas, 
incompatible PG's fail to develop normally. Adhesion of PG's is 
reduced (Roggen, 1972; Stead, Roberts, & Dickinson, 1979), while 
tryphine mobility is increased (Stead, Roberts, & Dickinson, 1979).
Many PG's fail to germinate (Bateman, 1955; Gerstel & Riner, 1950;
Roggen, 1972). Any PT's formed show various symptoms of abnormality, 
being short, swollen, or ruptured, often twisted or coiled against the 
papilla surface, and sometimes turned entirely away from papillae 
(Bateman, 1955; Dayal, 1979; Ockendon, 1972). Although incompatible 
PT's can erode the cuticle layer, development usually ceases when the 
cellulose-pectin layer of the papilla wall is encountered (Dickinson & 
Lewis, 1973a; Kanno & Hinata, 1969), and no firm attachment is estab­
lished (Carter, Williams, & McNeilly, 1975). Cytological disorganiza­
tion of papillae can follow contact with incompatible PT's (Kanno & 
Hinata, 1969), but papillae usually remain turgid (Dickinson & Lewis, 
1973a; Roggen, 1972) and deposit callose beneath the point of contact 
(Dickinson & Lewis, 1973a). The timing of callose deposition suggests 
it is a secondary response, not directly responsible for blocking PT 
growth (Shivanna, Heslop-Harrison, & Heslop-Harrison, 1978). Once 
beyond the stigma, compatible and incompatible PT's grow at the same 
rate in the style (Ockendon & Gates, 1975).
The nature of the S-locus and the mechanism by which SI is ex­
pressed and regulated have remained largely in the realm of speculation. 
Lewis (1960) postulated a 2-cistron locus, one determining S-specifici- 
ty, one regulating activity and expression. On the other hand, Fisher 
(1961) pictured the locus coding for a string of ten to twenty anti- 
genically active sites; recombination between the sites would esplain 
the large number of observed S-alleles. Sampson (1960) suggested that 
threshold levels of inhibitory substance(s) were necessary for 
expression of SI, and that interactions in heterozygotes involved 
competition for factors limiting production of those substances.
Ferrari and Wallace (1976, 1977b) presented preliminary data which
10
suggest that expression of SI in Brassica depends on protein synthesis 
during early stages of germination, although germination and tube 
elongation themselves do not. They further claimed that stigma extracts 
inhibit that protein synthesis preferentially in incompatible pollen. 
Germination of Compositae pollen proved to be similarly independent of 
protein synthesis (Hoekstra & Bruinsma, 1979). However, the near 
absence of ribosomes from Compositae pollen at dehiscence and corres­
ponding lack of any significant protein synthesis during germination 
(Hoekstra, 1979; Hoekstra & Bruinsma, 1978) suggest that not all SSI 
systems depend on early protein synthesis. Ferrari and Wallace (1977a) 
thoroughly reviewed models for control and expression of SI, considering 
how available data fit each one.
Sporophytic control of pollen SI phenotype would be mediated best 
by material of sporophytic origin. In several crucifers, the exine of 
the PG is filled and covered by protein and lipid from the tapetum 
(Dickinson & Lewis, 1973b; Vithanage & Knox, 1976). This tryphine 
material is released onto the stigma surface at PG hydration (Heslop- 
Harrison et al., 1975). It spreads to varying degrees (Stead, Roberts,
& Dickinson, 1979), before binding to the stigma pellicle (Heslop- 
Harrison et al., 1975), sometimes "masking" the identity of other pollen 
in the immediate vicinity (Ockendon & Currah, 1977: Tatebe, 1978). The 
protein fraction is involved in two phases of the SI pollen-stigma 
interaction: 1) erosion of the outer layer of the stigma surface;
2) stimulation of callose deposition in incompatible papillae 
(Dickinson & Lewis, 1973b, 1975; Heslop-Harrison et al., 1974). In 
nasturtium, the extracellular pollen cutinase is entirely active on its 
own, needing none of the activation by stigma components often thought
11
necessary for PT penetration of the stigma (Shayk, Kolattukudy, &
Davis, 1977). In fact, no such activation has been detected. In 
various crucifers, partial fractionation of tryphine materials suggests 
that those involved in SI phenomena are proteins or glycoproteins of 
MW 12-20,000 (Heslop-Harrison et al., 1974, 1975).
Pollen SI phenotype must be recognized on the stigma surface,
since the tryphine coating never penetrates into the style. Adhesion 
is part of the recognition reaction (Roggen, 1972; Stead, Roberts, & 
Dickinson, 1979). Components of Gladiolus stigma which contain carbo­
hydrate and bind macromolecules from pollen may participate in adhesion 
and recognition (Clarke et al., 1979), since the lectin concanavalin A 
can block pollen tube penetration sites (Knox et al., 1976). In 
crucifers and other dry-stigma families, the extracuticular protein 
pellicle on papillae may function in adhesion and recognition, since 
pollen proteins quickly bind to it (Mattsson et al'., 1974). In 
Brassica, one of the stigma surface proteins involved in pollen ad­
hesion may be the glycoprotein associated with the SI reaction (Stead, 
Roberts, & Dickinson, 1980; Roberts et al., 1979).
The SI reaction involves an active inhibition of normal PT develop­
ment. There is preliminary evidence for diffusible stigma substance(s) 
inhibitory to self-pollen germination (Ferrari & Wallace, 1975). In 
immature buds (Attia, 1950) or in the presence of modifiers distinct 
from the S-locus (Nasrallah, 1974; Nasrallah & Wallace, 1968) the level 
of inhibitor may be reduced to below the threshold for expression of SI.
Immunological and electrophoretic techniques can be used to dif­
ferentiate between S-alleles in the stigma, on the basis of tissue- 
specific heritable antigens or protein bands (Nasrallah, Barbier, &
12
Wallace, 1970; Nasrallah & Wallace, 1967a, 1967b). S-homozygotes have 
about twice as much S-allele-specific protein as heterozygotes, but 
some S-alleles are more antigenic than others (Sedgley, 1974b). Some 
cannot be detected at all serologically, and S-proteins generally have 
low antigenicity (Sedgley, 1974a). Even with sensitive isoelectric 
focusing techniques, only about half the S-alleles examined give rise to 
distinctive proteins (Hinata & Nishio, 1978). Those S-alleles which can 
be detected in this manner, give rise to differential patterns of 
stigma-specific buffer-soluble basic proteins, most of which contain 
carbohydrate, are PAS-positive, and bind concanavalin A (Hinata &
Nishio, 1978; Nishio & Hinata, 1977a, 1977b, 1978). Stigma glyco­
proteins are not always associated with active SI, since they also 
occur in SC types of Brassica campestris (Nishio & Hinata, 1978). 
Although some data suggest that the specificity of an S-allele is 
determined by several protein fractions (Nishio & Hinata, 1977b), the 
only two S-proteins characterized to date consist of single fraction 
glycoproteins with isoelectric points near pH 5.7-5.8 (Nishio & Hinata, 
1979-; Roberts et al., 1979). Since S-proteins in pollen cannot be 
distinguished in this manner, Nasrallah (1979) has hypothesized a 
glycoprotein stigma antigen with a complementary pollen receptor.
Expression of SSI depends on both genetic and environmental factors. 
Modifier genes can directly affect activity of S-alleles (Attia &
Munger, 1950; Nasrallah & Wallace, 1968; Richards & Thurling, 1973b; 
Ronald & Ascher, 1975), or alter dominance relationships (Thompson,
1972). This results in variable expression of SI in plants of identical 
S-genotype, due in part to variable sensitivity to environmental con­
ditions (Nasrallah & Wallace, 1968). Separate SC genes can override
13
the S-locus (Bateman, 1954; Thompson & Taylor, 1966b; Ronald & Ascher,
1975)., but partial SC and general fertility are controlled independently 
(Hodgkin, 1978). Inbreeding and selection can disrupt the balanced 
polygenic background necessary for regular reproductive behavior and 
expression of S-alleles (Dayal, 1978; Sharma & Murty, 1979). However, 
inbred lines of Brussels sprouts do not have increased PSC (Lawson & 
Williams, 1976b). Interactions between active S-alleles (Thompson,
1972) or presence of a nonfunctional S^  allele (Bateman, 1954) can also 
influence strength of SI. Strong S-alleles are more consistently ex­
pressed than weak ones (Ockendon, 1973), and some S-alleles give 
strong SI at all times under all conditions (Lawson & Williams, 1976a). 
However, some S-genotypes give variable response even under uniform 
conditions (Hodgkin, 1978).
External and internal environmental factors affect observed level 
of SI. Site and seasonal variation influence proportion of hybrid seed 
produced under field conditions (Johnson, 1972). The strong tendency 
for honeybees to pollinate assortatively, according to flower color and 
plant height (Faulkner, 1974, 1978; Day, 1978), makes environmental 
effects critically important. High temperatures (Attia & Munger, 1950; 
Gonai & Hinata, 1971a; Johnson, 1971) or large fluctuations between 
day/night temperatures (Visser, 1977) tend to increase self seed set. 
Accelerated flower maturation (Lawson & Williams, 1976a) and growth 
rate of the pistil at high temperatures (Gonai & Hinata, 1971a) disrupt 
the pattern of papilla cell development required for expression of SI 
(Gonai & Hinata, 1971b). High humidity after pollination sometimes 
permits a significant increase in number of self PT's penetrating the 
style (Carter & McNeilly, 1975; Ockendon, 1978). However, the main
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effect on self seed production is an increased number of fruits setting 
seed CCarter & McNeilly, 1976). Prolonged high humidity has little or 
no effect on SI and leads to reduced pollen fertility, due to precocious 
germination (Marrewijk & Visser, 1978). In some lines, elevated CC^  
concentrations during pollen germination increase seed set after selfing 
at the bud or open flower stage, perhaps by facilitating attachment 
(Nakanishi & Hinata, 1973, 1975). Pretreatment of pollen with, cyclo- 
heximide (Ferrari & Wallace, 1977b) or of stigmas with hexane (Ockendon,
1978) interferes with, but does not completely overcome SI. Several 
stigma mutilation techniques give increased self seed set, but usually 
no more than that obtained by bud selfing (Roggen & Dijk, 1972, 1973, 
1976; Roggen, Dijk, & Dorsman, 1972). The SI system often weakens with 
increasing age of plant and flower (Johnson, 1971; Lawson & Williams, 
1976a; Ockendon, 1973; Stout, 1922; Visser, 1977). The plant-to-plant 
variability in SI in some genotypes (Haruta, 1966)- is compounded by the 
difference in response that pollen and stigma can make to the same 
environmental conditions (Hodgkin, 1977).
Whenever the response is not clear-cut, finding a criterion to 
distinguish SC from SI is a major difficulty (Richards & Thurling,
1973b). SI has been most often detected and measured by number of self 
seed per fruit or number of self PT's per stigma/style. In the com­
posite guayule, Gerstel (1950) obtained the same results with both 
methods. However, Hodgkin (1978) observed that one or both of those 
values is apt to vary in Brassica. He concluded that the two may not 
be highly correlated, since one big factor in overall self seed set is 
the proportion of fruits which form seed. Several workers have 
evaluated SI strength on the basis of a ratio of self seed to some
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control; hud pollination (Haruta, 1966), full seed set (Hoser-Krauze,
1979), compatible cross seed set (Richards & Thurling, 1973a), or 
marked cross seed set (Attia & Munger, 1950; Nasrallah & Wallace, 1968). 
Bateman (1954) used the characteristic stigma flushing to determine 
compatibility of pollinations in Iberis. Callose deposition in stigma 
papillae has been suggested as ah in situ assay for SI (Heslop-Harrison 
et al., 1974, 1975). Ferrari and Wallace (1975, 1976) have reported a 
method which, when refined, could provide a powerful in vitro bioassay 
for stigma S-proteins, as well as a system for studying the physiology 
of the response. Sedgley (1975) used a similar technique to examine 
flavanoid effects on pollen germination in vitro. The difficulties in 
maintaining viability during storage and in germinating crucifer pollen 
CChiang, 1974) have proved typical of trinucleate pollens (Brewbaker, 
1967).
Only three studies of SI in the genus Cheiranthus have been re­
ported, all on Cheiranthus cheiri L., the English, or ''true1’ wall­
flower. Bateman (1956) observed 70% outcrossing under field conditions, 
even though the species will set seed on selfing. Watts (1976). found 
that mixed-color lines had higher SI than single-color lines, but that 
none had a strong system. He suggested that the SI system should have 
been relatively unaltered by the selection and mass pollination methods 
used to develop available wallflower varieties. Shivanna, Heslop- 
Harrison and Heslop-Harrison (1978) found that the ultrastructure of 
response to bud selfing in C^. cheiri was similar to that in Raphahus. 
There have been no reports of work on SI in Siberian wallflower, 
Cheiranthus allionii, which may be Erysimum hieraciifolium or IS. asperum, 
depending on the authority (Bare, 1979; Darlington & Ammal, 1945;
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Hortus Third, 1976; Taylor, 1961; Wyman, 1971). Once considered 
Asiatic, it is now thought native to North America (Darlington & Ammal, 
1945; Taylor, 1961). It is a biennial with an absolute cold requirement 
but which, responds to seed vernalization (Barendse, 1964). The one 
reported chromosome count for this cultivated form indicates the 
hexaploid condition with x = 7, n = 42 (Darlington & Wylie, 1956).
II. MATERIALS AND METHODS
Plant Material
Plants from three varieties of Siberian wallflower, Cheiranthus 
allionii, were used in this study: 0527, Cheiranthus Wallflower
Allioni Orange; 9528, Cheiranthus Apricot Delight (Geo. W. Park Seed 
Co., Inc., Greenwood, SC); 3816, Cheiranthus Golden Bedder (W. Atlee 
Burpee, Warminster, PA).
Maintenance and Manipulation 
Six weeks of seed vernalization (Barendse, 1964) at 4° C was used 
before seeding to reduce time to flowering to 16 weeks from sowing. 
Seeds were germinated in flats of Jiffy mix. Seedlings were trans­
planted into 2 h inch peat pots with modified Cornell mix. Estab­
lished plants were later potted in 4 inch plastic pots or transferred 
directly to the field. In the fall, selected plants were transferred 
from the field to 10 inch pots. Stem cuttings, treated with 2% IBA and 
5% Benlate in talc, were used for vegetative propagation.
Preliminary Observations 
Screening for SI was done in the greenhouse during spring and 
summer of 1977. Approximately 20 plants were examined for fruit 
development and seed set in the spring under greenhouse conditions 
which excluded insect pollinators. Seed set was measured after con­
trolled self- and cross-pollinations on two plants in the greenhouse 
during the summer. Growth and flowering habits were observed in the 
field during the summer of 1977. Since flowering was difficult to 
control and inflorescences were spindly in the greenhouse, all
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further pollination studies were limited to the field.
1978 Field Study 
The objectives of the 1978 field study were 1) to identify 
suitable parent plants, based on level of SI; 2) to generate self- 
and reciprocal cross-progeny seed; 3) to get quantitative data on the 
SI system in these plants.
The following 577 plants were transplanted into the field at the 
UNH- Horticultural Farm in June of 1978: 390 plants from open-pollinated
seed produced in the greenhouse in 1977, 149 plants or rooted cuttings 
from the 1977 greenhouse screening work, and 38 plants from fresh 
commercial seed. The plot was 60 x 120 ft., with 5 ft. rows and 2 ft. 
spacing within rows.
As plants began to bloom in mid to late July, 26 parent plants 
from the three flower-color varieties Cl7 orange, 5 yellow, 4 goldX were 
chosen on the basis of apparent male fertility and presence of at 
least two large inflorescences at the same early stage of development. 
One inflorescence on each plant was selected for artificial pollina­
tions and the others left for open-pollinated COP) checks of female 
fertility and artificial pollination efficiency. Each inflorescence 
for controlled pollinations was covered with a single-layer cheesecloth 
bag, held away from the florets by a wire hoop and fastened top and 
bottom around a supporting cane stake by twistems. Additional inflores­
cences were covered as needed during the pollination period.
Florets for controlled pollinations were chosen on the basis of 
age and morphology. To avoid any confounding effect of flower age, 
only the 2-4 flowers that were within two days of opening were used. 
Florets already opened for a day were used only if the stigmas were
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still fresh, and green, rather than dry and tan. Occasionally a floret 
ready to open the next day was used if the stigma protruded from the 
bud. Since the relative height of the stigma was variable (equal to or 
greater than that of the anthers), florets with adjacent stigma and 
anthers were used only for selfs. Florets to be cross-pollinated were 
emasculated with fine forceps. Pollen was applied by brushing a 
freshly dehisced anther over the stigma surface using fine forceps.
Each floret was tagged with the date and pollination identification. 
Pollinations were done after the anthers dehisced and before the pollen 
darkened from cream to tan, usually between 8:30 and 11:30 a.m., during 
the period July 20 to August 24.
Fig. 1 shows the 85 types of pollinations actually accomplished 
out of the 676 possible. Pollinations were replicated as time, 
weather and flower availability permitted.
Parent plants were moved from the field to the greenhouse the 
third week in September to avoid frost damage during the 2-3 months 
necessary for seed maturation. All but one survived the transplant. 
Bags and stakes were left in place, so that fruits (siliques) ripened 
under cover. Both controlled- and open-pollination inflorescences 
were harvested after siliques were dry. The number of seeds per 
silique was recorded for the controlled self- and cross-pollinations 
on each plant and for 200-600 OP siliques on 8 parent plants. Seed set 
on unpollinated siliques in each bag was summarized to give an estimate 
of the ability to set self-seed in the absence of pollinators.
1979 Field Study
The objectives of the 1979 field study were 1) to compare response 












Fig. 1. Summary of 1978 Controlled Pollinations
Pollen Parent Plant No.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
1 X X X X X
2 X X
3 X X
4 X X X X X X X X
5 X X X X X X X
6 X X X
7 X X X X
8 X X X X
9 X X X
10 X X X
11 X X X X X X
12 X X X
13 X X X X
14 X
15 X X X X X
16 X
17 X X





23 X X X X X
24 X X
25 X X X X X X
26 X X X
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simultaneously under field conditions, and 2) to compare response to 
selfing in self- and reciprocal cross-progeny plants.
Twenty-eight progenies from nine parents were selected on the basis 
of 1) availability of self- and reciprocal cross-seed, and 2) SI levels 
of the parents. Where possible, each progeny was represented by 10 
plants. Altogether 206 plants, 9 parents and 197 progeny plants, were 
randomly placed in a 50 x 50 ft. plot.
Controlled pollinations were done as described for the 1978 study 
with these differences: 1) Only self-pollinations were done; 2). No buds
were pollinated; 3) All plants in bloom during the pollination period 
were used; 4) Pollinations continued from July 20 through October 3, 
since plants had bloomed in the field without damage into November of 
1978. Most plants were selfed on at least three days (to average out 
weather effects) to give a minimum of 10 self-pollinations per plant.
Inflorescences were harvested in October and November, after all 
self-pollinations had at least four weeks to mature. Enough OP inflo­
rescences were taken to give a minimum of 100 OP siliques per plant.
The number of seeds per silique was recorded for each self-pollination 
and for 100 OP siliques per plant. Seed set on unpollinated covered 
siliques was summarized as in 1978.
Measurement of Si-level 
The SI level of parent and progeny plants was measured by 1). mean 
number of seeds per selfed silique, 2) ratio of mean self-pollinated 
seed set to mean OP seed set, or 3) ratio of mean self-pollinated seed 
set to the mean of the top 10% OP seed set.
Morphological Examination 
Stigmas were harvested without pollination or at 5, 18, or 24 hrs
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after self- or cross-pollination. Tissue was fixed at 4° C for 30 min. 
in 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.5, for 15 min. in 
1% OsO^  in the same buffer, washed at 4° C for 15 min. in the buffer, 
dehydrated in an ethanol series, and critical point dried for 15 min. 
After mounting on aluminum stubs, samples were coated with carbon and 
gold and examined in an AMR 1000 scanning electron microscope.
Cytological Examination 
All tissue was fixed in modified Carnoy's solution overnight and 
stored in 70% ethanol. Anthers were stained in aceto-orcein for 
examination of pollen grains and pollen mother cells. Seedling apex 
and root tip tissue was stained by the Feulgen method. Observations 
were done at 100, 400, or 1000X on a Leitz Ortholux microscope with 
attached camera.
Pollen Germination 
Pollen for germination tests was taken from fresh flowers or from 
those stored at 4° C for up to 3 days. Germination media were 30% or 
35% (w/w) sucrose solutions made up in distilled water or Milli-Q water 
(Millipore), with or without stigma surface components leached into the 
media by inverting intact stigmas in media for various times. Pollen 
was released by touching a dehisced anther to a drop of media in a 
depression slide. The chambers were immediately sealed with a cover 
slip edged with Vaseline. After incubation in ambient light at room 
temperature for various lengths of time, cultures were examined with, a 
Leitz Ortholux microscope with attached camera.
Analysis of Data 
Day effects within each plant were determined by analysis of 
variance using actual numbers of seed set. Analysis of variance was
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used to check for segregation for SI level within each progeny, both by 
actual number of self-seed set and by ratio of mean self- to mean top 
10% OP seed set. Significance of differences between plants in segre­
gating progenies was determined by the Scheffe* interval (Scheffe, 1959). 
The versatility of this conservative method of multiple comparisons 
(Chew, 1976) is due to the fact that it allows unequal replication, 
unplanned comparisons (i.e. data snooping), and a whole family of con­
trast statements (i.e. an experiment-wise error rate). Comparisons 
between the SI levels in different progenies of each seed parent were 
done by analysis of variance, using the ratio of mean self- to mean top 
10% OP seed set. To check for inbreeding depression, the mean top 10% 
OP seed set of self-progeny plants was contrasted to that value in 
cross-progeny plants from each seed parent by analysis of variance. 
Comparisons of SI levels, measured by numbers of self-seed set and by 
ratios of mean self- to mean top 10% OP set, in parents and their 
respective self-progenies were made by regression analysis. SI levels, 
measured by numbers of self-seed set and by ratios of mean self- to 
mean top 10% OP set, and fertility levels, measured by mean top 10% OP 
set, were compared by regression analysis. Arcsine transformation 
values of the ratio data were used in these analyses.
III. RESULTS AND DISCUSSION
Preliminary Screening 
Preliminary observations were made on plants of variety 0527 during 
the spring of 1977 in the greenhouse. The first flowers appeared on 
April 6, and plants bloomed through June. Flowers were very fragrant 
and rather sticky. Inflorescences were harvested on June 27, when most 
siliques were still green. All ovaries were elongated, but most con­
tained no seed. Of the 647 mature seeded siliques from approximately 
20 plants, more than half had fewer than 5 seeds per silique (Fig. 2), 
less than 20% of the observed potential of 26 seeds. Thus, in the 
absence of pollinators, these plants set very few seeds. Pollinators 
present during the latter half of the blooming period were probably 
responsible for the seed set in the relatively full siliques. Plants of 
all three varieties set seed abundantly after open-pollination in the 
field in August and September, which suggested that the low seed set 
observed in the spring was not due to inherently low fertility. Only 
2 of the 25 plants of variety 3816 maintained in the greenhouse 
bloomed during that summer. These plants set seed after crossing, but 
not after selfing. All results, taken together, suggested that an SI 
system was operative in these plants.
1978 Field Study
Presence of an SI System
Fig. 3 summarizes the results of 1978 controlled pollinations.
In almost every instance, seed set was much lower after self- than 
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Fig. 2. Frequency distribution of seed set in siliques 
producing seeds during 1977 greenhouse screening. All plants 
in variety 0527 were pooled. Note: Over 50% of the siliques
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Fig. 3. Results of 1978 B-self and 0-cross pollinations, grouped by female parent. 
Each open bar represents a separate cross.
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pollen from all parent plants except P8 was viable. Pollen from most 
parents was more effective on cross- than on self-stigmas. In every 
case, seed set resulting from self-pollination was low compared to the 
potential for 30 seeds per silique, as shown in Fig. 4. These data 
clearly indicate the presence of a functional SI system, although the 
strength of expression is variable. (Numerical data, with SE values, 
are in the Appendix.)
The complete failure to produce seed by selfing in plants P6, P7, 
P8, P9 and P12 could be due to low fertility rather than strong SI, 
since plants P6-P9 were physiologically old, having bloomed in the 
greenhouse the year before. Plants P6, P8, P9, and P12 also had con­
sistently low cross-seed set.
Strength of SI
The strength of the SI system in a plant is represented by the 
degree to which self-pollination reduces seed set from the maximum, as 
well as by the actual number of seeds per self-pollination. The ideal 
theoretical measure of that potential is the seed set after compatible 
cross-pollination. Seed set after open-pollination can be used to 
estimate that potential. Since compatibilities among parents used for 
the crosses were unknown, there is no reason to assume here that 
average seed set from cross-pollinations is a good measure of potential 
seed set for a given parent plant, especially where the number of 
crosses is low. I chose instead to estimate potential seed set using 
OP values for each plant. The overall OP mean seed set for a specific 
plant is certainly a measure of potential seed set for a given set of 
conditions. However, the overall mean depends on at least three 
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Fig. 4. Range of response to selfing in 25 parent plants. Black bars indicate parents of 
progenies chosen for further study.
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absence of an active SI system in the seed parent, and 3) relaxedness 
of pollen sources to the seed parent. Factors 2 and 3 have nothing to 
do with fertility, the capacity to set seed under optimum (compatible) 
conditions. Therefore, a good estimate of potential seed set needs to 
be as independent as possible of those factors. Fig. 5 illustrates 
this need. The distribution for P18 approximates the normal curve 
expected if all pollinations were compatible. In such a case, the over 
all mean would indeed reflect fertility and seed set capacity. The 
distribution for P4 is far from normal and approximates the curve 
expected when most pollinations are incompatible or when female fer­
tility is very low. Results of controlled crosses indicate that the 
bias in the P4 distribution is not due to low female fertility. In 
instances like this, the mean is nearly useless as a measure of poten­
tial seed set under compatible pollination. However, in either sort 
of distribution, the upper end should represent compatible pollinations 
The mean of the top 10% of the OP distribution of each plant was there­
fore chosen as a standard estimate of its potential to set seed under 
compatible pollination. Fig. 6 compares in eight of the parent plants, 
three measures of SI level: 1) mean number of seeds per selfed
silique, 2) ratio of mean number per selfed silique to overall OP mean, 
3) ratio of mean number per selfed silique to top 10% OP mean. The 
ranking of the plants is the same by all three measures, of which one 
is absolute and two are relative. However, the pattern of mean self: 
top 10% OP mean is more consistent with the pattern of mean self-seed 
set than is that of mean self:overall OP mean. Thus, for the purpose 
of comparing SI levels In these plants, mean self and mean self:top 
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Fig. 5. Frequency distributions of open-pollinated seed set in 
parent plants P4 and P18.
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Fig. 6. Comparison of absolute and relative measures of SI.
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provides more separation, which could be important in a.study of plants 
with very similar SI levels. Hodgkin (1978) found for Brassica 
oleracea, that none of several comparative variates were more informa­
tive than the actual average self-seed set values.
Reciprocal Differences
Table 1 lists all pairs of reciprocal crosses made in 1978. Recip­
rocal differences in cross-compatibility were detected in some pairs, 
although, the size of the difference varied. These differences are 
indicative of sporophytic control of the SI system in these plants.
1979 Field Study
Genetic Basis for SI Level
Self-pollinations were done on the 123 progeny plants which 
bloomed during 1979. Since none of the parent plants bloomed during 
1979, direct comparisons of parents and progenies under simultaneous 
field conditions could not be made. However, the SI levels in the nine 
self-progenies were significantly correlated with the SI levels of their 
respective parent plants from 1978 (Table 2), indicating genetic con­
trol of strength of the SI response. This correlation was highly sig­
nificant when the comparison was based on actual number of seeds per 
silique (r = 0.891, P < 0.01) or on the ratio of self seed set to poten­
tial seed set (r = 0.837, P < 0.01).
Except for the self-progeny of P4, the average SI level in each 
self-progeny was lower than the SI level of its parent plant, in several 
pairs only about 25% of the parental value (Table 2). In fact, no self­
progeny plant actually averaged as many seed after self-pollination as 
its parent. Inbreeding depression on seed set potential was probably 
not the cause of this change in SI level, since both absolute and
Table 1. 1978 reciprocal crosses, no. of siliques for each cross, actual mean no. of seeds per silique,
















1 X 4 5 11.2 60 5 X 7 1 20.0 105 ***4 X 1 7 5.4 38 7 X 5 1 0.0 0
1 X 5 11 2.4 13 ** 5 X 15 1 12.0 63 ***5 X 1 15 10.7 56 15 X 5 1 0.0 0
1 X 13 1 13.0 70 ** 10 X 24 4 5.8 33
13 X 1 3 4.7 26 24 X 10 4 6.0 29
1 X 25 2 6.0 32 10 X 25 3 7.7 44 £
25 X 1 3 8.7 47 25 X 10 1 2.0 11
4 X 5 4 8.5 59 11 X 13 3 8.3 46
5 X 4 5 11.8 62 13 X 11 3 10.3 58
4 X 8 1 0.0 0 11 X 15 4 0.8 4
8 X 4 3 0.0 0 15 X 11 1 4.0 20
4 X 9 2 10.5 73 ** 11 X 18 6 5.5 30 *9 X 4 2 3.5 26 18 X 11 6 11.8 63
4 X 25 4 0.5 3 15 X 18 10 5.4 27 **
25 X 4 5 2.6 14 18 X 15 4 14.0 75
* - Pair shows at least a 30% difference. 
** _ " " » » » 40% "
*** _ " " " » » 50% "
Table 2. Comparisons of SI levels in parent plants and their 
self-progenies.
Parent 
Plant No. Avg. No. Self-Seed Set
Ratio of Avg. Self-Seed 
to Avg. Top 10% OP






4 0.05 0.15 0.43 1.30
10 0.50 0.19 2.32 1.15
1 0.67 0.17 3.32 1.34
11 1.14 0.67 6.28 3.37
25 1.44 0.36 7.60 2.55
15 1.77 0.50 7.80 2.10
24 1.93 1.11 10.94 4.30
5 2.53 0.24 17.78 1.50
18 7.40 2.02 39.26 12.35
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relative measures reflected the decrease. Analysis of variance for 
potential seed set indicated that only in the progeny of PI was the 
potential significantly lower (P <0.01) in self- than in cross­
progeny. Since pollinations on progeny plants were done through early 
October in 1979, and on parents only through late August in 1978, the 
difference could be due to lower temperatures during progeny pollina­
tions (Attia & Munger, 1950; Gonai & Hinata, 1971a; Johnson, 1971).
Either measure of SI level (number of self-seed or ratio of self 
to potential seed set) can be used as the basis for an SI index. Table 
3 illustrates two such indices, each with five categories: absolute
SI = zero seeds after self-pollination, strong SI = incompatible, three 
stages of weakening SI = low, medium, or high seed set after self 
pollination. It also shows that eight of the nine parent plants are 
classified the same by both indices. In Table 4, 121 progeny plants are 
classified by the ratio index. The corresponding classification using 
the number index is very similar. The frequency with which plants are 
classified differently by the absolute (number) and relative (ratio) 
indices is about the same in parents and progeny. Similarly, self- and 
cross-progenies do not differ in the frequency of plants classified 
differently by the two indices. Most of those plants which are clas­
sified by the number and ratio indices are those with weak SI systems. 
This suggests that number of self-seed set is a more reliable measure 
of SI level for plants with strong SI than for those with weak SI. It 
emphasizes the need to determine relative SI levels when working with 
plants which may show a range of SI levels. Hodgkin's (1978) conclu­
sion that number of self-seed set is the most informative measure of 
SI is based on work with inbreds selected for uniformity, all lines of
Table 3. Explanation of SI indices used in Table 4.
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Parent Plant Values: PI - I Pll - L P10 - I
P4 - I P15 - L P24 - L
P5 - M P18 - H P25 - L
SI level based on the ratio of self^ seed set to potential seed set:
Category Description Index Letter SI Value
Zero Seeds 0 0.0
Incompatible I 0.00-0.05
Low Seed Set L 0.05-0.10
Medium Seed Set M 0.10-0.25
High Seed Set H 0.25-
Parent Plant Values: PI - I Pll - L P10 - I
P4 - I P15 - L P24 - M









Table 4. Summary of 1979 field study results using an SI index based on the ratio of self- to 
potential seed set.
Paternal Parent
PI (I) P4 CD P5 (M)
PI (I) 0,0,I,I,I 0,0,0,0,1,1,1,1 0,0,0,I,L,H
P4 (I) 0,0,0,0,I,I,I,L 0,0,I,I,I 0,I,I,I,I,M,M,H
P5 (M) 0,0,I,I,I,I,I,I,I,I 0,1 0,0,0,0,I,I,L
Pll (L) P15 (L) P18 (H)
Pll (L) 0,I,L M
P15 (L) 1,1,1 0,0,I,M,M,M,H
P18 CH) 0,I,I,I,L,H,H,H 0,0,I,I,I,I,M,M,M,H
P10 (I) P24 (M) P25 (L)
P10 (I) 1,1 I,I,I,L 0,1,I,I,I
P24 (M) 0,0,I,I,I,I,I 0,I,I,L,M
P25 (L) 0 0,I,I,I,I,L
Each letter represents one plant. Parental index values are given in parentheses.
which, are homozygous for the same highly recessive S-allele. However, 
this study deals with plants from open-pollinated lines which are 
noticably variable.
The fact that SI levels of self-progeny plants are less than or 
equal to that of the parent plant (Table 4) indicates that one genera­
tion of selfing has not caused any detectable breakdown of the SI sys­
tem. The self- and cross-progenies involving PI and P4 are the only 
ones which can be examined for any effect of progeny type (self/cross) 
on SI level, since they are the only crosses between parents at the 
same SI level. That comparison also suggests that there has been no 
disruption of the SI system due to one cycle of self-pollinations. In 
some of the other crosses, the difference between SI levels of the 
parents tends to mask any difference which might be due to progeny type. 
Independence of SI Level and Fertility
The 1978 field study suggested that SI and fertility levels were 
independent, since classification of parent plants by number of self­
seed set and by ratio of self- to potential seed set was similar. 
Regression analysis showed that the number of seeds per silique after 
self-pollination of progeny plants was not significantly correlated 
with fertility level as measured by the mean of the top 10% OP seed 
set for each plant. When the progeny from parents Pll, P15, and P18 
were analyzed apart from other progeny plants, the regression was sig­
nificant at the 0.05 level, but the correlation coefficient was only 
0.388. For those plants with weak SI, self-seed set tended to increase 
with fertility. However, very low self-seed set was observed in some 
plants over the entire fertility range. Hodgkin (1978) found that 
fertility and partial SC were inherited independently.
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Segregation for SI Level
Table 4 shows that SI values in most progenies were uniform.
Analysis of each progeny revealed statistically significant variation 
in the folowing: 1x4, 1x5, 4x5, 13®, 15x18, 18®, 18x15, 24®, and 25®.
The segregation of plants into the 0 and I index categories is poten­
tially the most interesting one in the table, from a practical point of 
view, although it is statistically significant only for progeny 1x4.
If such a segregation holds up after many trials, it distinguishes SI 
systems which are absolute from those which are merely strong. There 
is a clear-cut difference between the 0 and I categories which is not 
apparent between higher SI index levels.
All but one of the segregating progenies involve parents with index 
values indicating incomplete SI. In that one progeny (1x4) the segre­
gation may not be representative, since only one of eight plants was 
significantly different. Thus, most of the observed segregation is 
probably quantitative. It suggests that plants with strong SI are 
homozygous for factors which determine reaction strength, and that at 
least some factors which weaken the response are dominant in nature.
These data do not permit an estimation of the number of such factors. 
However, the large proportion of plants in the progeny of P18 which have 
very low index levels suggests that the number of factors may be quite 
small, especially for a polyploid organism. These factors could be 
modifying genes, competitive S-alleles, or S^  alleles (Attia & Munger, 
1950; Bateman, 1954; Nasrallah & Wallace, 1968; Richards & Thurling, 
1973b; Ronald & Ascher, 1975; Thompson, 1972; Thompson & Taylor, 1966b). 
Since segregation is observed in progenies from all parents with weakened 
SI (high index values), and since segregation from some parents is seen
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in self- but not in cross-progeny, the most likely explanation is that 
strength of the response is modified by genes separate from the S-locus. 
However, the data are too few to draw definite conclusions. This seg­
regation is different from the segregation of SC plants from SI plants 
in the first generation of inbreeding observed in marrow-stem kale 
(Thompson, 1957; Thompson & Howard, 1959).
Stability of SI System
The SI system in these polyploid lines of Cheiranthus allionii 
appears to be stable under selfing. However, there is no evidence of 
inbreeding depression in the first generation progeny, as might be ex­
pected in the presence of an intact SI system. Its stability under 
conditions of polyploidy is significant. Other naturally polyploid 
crucifers are SC (Bateman, 1955; Olsson, 1960), as are natural poly­
ploids of the composite guayule (Gerstel & Riner, 1950), even though 
artificial polyploids of these forms are usually SI (Bateman, 1955; 
Gerstel & Riner, 1950; Howard, 1942; Olsson, 1960). This SC in natural 
polyploids of plants with SSI is considered to be secondarily derived 
(Bateman, 1955), and due to specific gene combinations rather than to 
the ploidy level itself (Olsson, 1960). The hexaploid garden 
Chrysanthemum has a functional SI system, although some PSC and SC do 
occur (Drewlow, Ascher, & Widmer, 1973). However, the breeding system • 
of Chrysanthemum has been manipulated for hundreds of years and is in 
that sense derived. The Siberian wallflower has been in cultivation 
over a much shorter time period (Darlington & Ammal, 1945; Taylor,
1961). What breeding or selection has been done has involved mass 
pollination techniques which utilized the natural breeding scheme. It 
thus may well represent a naturally-occurring polyploid crucifer with
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a nearly Intact SI system.
There is no evidence that one generation of selfing has caused any 
breakdown of the SI system. Self- and cross-progenies from the same 
seed parent showed no significant difference in average SI level, based 
on the ratio of mean self- to mean of the top 10% OP seed set.
Similarly, self- and cross-progenies were not different in the frequency 
with which they segregated for SI level. Finally, the response of self­
progeny plants to selfing did not fluctuate from day to day any more 
than the response of cross-progeny plants. In fact, of the nine progeny 
plants which showed a significant day effect on response to selfing, 
only two were in self-progenies. An increased sensitivity to environ­
mental conditions would be expected if selfing were disrupting the SI 
system (Nasrallah & Wallace, 1968; Ockendon, 1973). On the other hand, 
in Brussels sprouts, inbreeding has not increased PSC (Lawson &
Williams, 1976b).
Morphology
The stigma of Cheiranthus allionii is of the dry type, with uni­
cellular papillae (Fig. 7a) as is typical of the family (Heslop- 
Harrison & Shivanna, 1977). The papilla surface is usually smooth 
(Fig. 7a,b), apparently lacking the waxy deposits found on papillae of 
Brassica (Carter, Williams, & McNeilly, 1975; Roggen, 1972) and 
Raphanus (Dickinson & Lewis, 1975). However, papillae with protuber­
ances are observed occasionally (Fig. 8b). Since papilla bases are 
swollen at maturity, the tips are spread so that pollen grains fall 
between as well as on the tips of papillae (Fig. 7a,b). Pollen grains 
of £. allionii have a reticulate exine and three germination furrows 
(Fig. 8a).
42
Both compatible and incompatible PG's adhered to the stigma surface 
This adhesion involved binding between the outer layer of the papilla 
and some component of the pollen wall, since subsequent dislodging of 
the PG disrupted the papilla surface (Fig. 7b). In Brassica, the 
marked initial difference between adhesion of compatible and incompati­
ble PG's nearly disappeared within two hours (Stead, Roberts, & 
Dickinson, 1979). Samples in this study were collected at 5, 18 or 24 
hours post pollination, which may have been too late to detect differ­
ences in adhesion of compatible and incompatible PG's. Similarly, no 
distinction could be made at these sampling times between compatible 
and incompatible pollinations on the basis of PG hydration (Fig. 7b, 9a)
During hydration, germination and initial tube development, mater­
ial was extruded through openings in the exine, particularly near the 
point of tube emergence (Fig. 10a,b). This material often coated much 
of the grain, partially obscuring the reticulate exine pattern, and 
extended onto the tube (Fig. 11a,b). In other crucifers, a similar 
component, of sporophytic origin (Heslop-Harrison et al., 1974), was 
released upon hydration and shown to be involved in tube penetration 
and stimulation of the secondary callose rejection response by the 
stigma (Dickinson & Lewis, 1975: Heslop-Harrison et al., 1974, 1975).
It is certainly one of the most likely locations of the factor(s) which 
determine the S-phenotype of the pollen.
After a compatible cross, PT's often grew only a short distance 
before contacting a papilla cell (Fig. 10a, 11a). Pollen and stigma 
components fused to give one continuous surface with a meniscus at the 
point of contact (Fig. 11a). Tube growth within the papilla wall 
(Dickinson & Lewis, 1973a; Kroh, 1964) was evident on the surface (Fig.
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10a,b, 11a). Collapse of papillae, observed after compatible pollina­
tion in Raphanus (Dickinson & Lewis, 1973a) and Brassica (Roggen, 1972), 
was not seen.
Germination frequency was reduced, sometimes to zero (Fig. 7b), 
after self- compared to cross-pollination. Some self PT's contacted 
but did not adhere to papillae (Fig. 9b). Others were attached to 
papillae but without fusion of surface components or tube penetration, 
so that tubes appeared to stop at the papilla surface (Fig. 8a). No 
self PT's were observed growing within papilla walls. Thus inhibition 
of PT development occurred on the stigma surface, a characteristic of 
SSI systems in composites (Gerstel & Riner, 1950) and crucifers 
(Bateman, 1954; Sampson, 1958; Watts, 1963).
Cytology
Seedling root tip cells were small, with dense, granular cytoplasm
which obscured nuclear details. Nuclei in embryo shoot apex cells were
visualized with Feulgen stain. After staining in aceto-orcein, nuclei
in mature pollen grains were masked by dense cytoplasm, rapidly-
staining wall components, and large lipid globules. Meiosis occurred
t i labout nine days prior to anthesis, or in the 18 bud back from the 
newest open floret. Considerably more than seven pairs were observed. 
Therefore, the plant material used in this study was almost certainly 
polyploid, consistent with the hexaploid number reported in the liter­
ature (Darlington & Wylie, 1956).
Pollen Germination
Germination of Cheiranthus allionii pollen was first observed in 
simple sucrose solutions used to estimate water potential of the pollen 
grains. The response varied over the wide range of sucrose
Fig. 7a. Unpollinated stigma, with unicellular papillae. 
(127X)
Fig. 7b. Gelf-pollinated stigma, 24 hrs post pollination. 
The papilla in the lower front and the one to the 
right show scars left by detached pollen grains. (8?0X)
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Fig. 8a. Self-pollinated stigma, 1? hrs post pollination. 
Tollen tube flattened against papilla, without penetration. 
(1290X)
Fig. 8b. Cross-pollinated stigma, 5 hrs post pollination. 
Papilla in upper left shows protuberances. Compatible 
pollen tube growing in papilla wall. (1570X)
Fig. 9a. Cross-pollinated stigma, 5 hrs post pollination. 
(710X)
Fig. 9b. Self-pollinated stigma, 5 hrs post pollination. 
Pollen tube on the left contacted but did not adhere to 
either papilla. Pollen tube on the right is undersized 
and has not penetrated the papilla wall. (15P0X)
Fig. 10a. Cross-pollinated stigma, 5 hrs post pollination. 
Release of material through exine is heaviest near pollen 
tube growing within papilla wall. (1990X)
Fig. 10b. Same as 10a, except (4270X).
Fig. 11a. Cross-pollinated stigma, 18 hrs post pollination. 
Pollen tube oriented toward stigma surface. (2240X)
Fig. lib. Cross-pollinated stigma, 18 hrs post pollination. 
Pollen tube growth within papilla wall. (2230X)
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concentrations (w/w). In 20% sucrose, pollen grains from all plants 
tested swelled, exuding globules of yellowish lipoidal material. Burst­
ing often occurred before germination or while tubes were still short 
Ctube length less than grain diameter). In 50% sucrose, all grains were 
rapidly and visibly plasmolyzed. Some equilibration occurred after 
several hours, but the grains never germinated. At intermidiate con­
centrations, the bursting-plasmolysis response pattern varied from 
plant to plant. Pollen from certain plants never germinated, while that 
from other plants germinated fairly consistently in 30% or 35% sucrose 
(Table 5). The use of a high sucrose concentration in the germiantion 
medium meant that water-limiting conditions prevailed at the interface 
between grain and solution, a condition often necessary for germination 
of trinucleate pollens (Hoekstra, 1979). The volume of the covered 
depression was small enough to allow rapid equilibration between the 
solution and the atmosphere surrounding the grains'. Some equilibration 
between grains and medium was also possible, since the osmoticum was 
also a metabolite.
Table 5. Percent pollen germination in 30% and 35% 
sucrose for five parent plants.






Incubation time - 24-32 hrs;
Germination - PT length at least % diameter of PG
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The medium for all additional germination tests was a 30% (w/w) 
sucrose solution, rather than one supplemented with polyethylene glycol, 
calcium and boron as used by others (Chiang, 1974; Ferrari & Wallace, 
1975, 1976; Sedgley, 1975). This limited the interactions between the 
(leaching) medium and the stigma surface to those based on osmotic 
differences. Of 28 progeny plants randomly chosen for germination tests, 
only 2 failed to germinate in this simple medium. The range was 0-83%; 
the average for the 28 plants was 41%.
Varying the composition of the germination medium for each SI 
genotype (Ferrari & Wallace, 1975) results in a test system for 
screening stigmas for specific S-alleles. An assay system suited for 
general use In the study of the interaction between pollen and stigma 
surface components requires a more uniform medium. In nature, pollen 
of each SI genotype must be able to develop in a variety of stigma 
surface environments. Differences in germination requirements of 
pollen with different SI genotypes probably reflect differences in 
genetic background rather than S-allele effects. Also, the relation­
ship between optimum conditions for in vitro germination and actual 
stigma surface conditions is unknown, particularly for plants with dry 
stigmas, such as crucifers have.
In a preliminary trial, one stigma was leached in a drop of 30% 
sucrose in a depression slide before pollen from the same plant was 
applied. After 5% hrs, germination had begun in the control (30% 
sucrose only), but not in the medium into which the stigma had been 
leached. After 32 hrs, pollen had germinated in both media. In the 
control, 37% of the grains had germinated, and many tubes were longer 
than the grain. In the leachate medium, only 21% had germinated and
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the tubes were very short. Therefore, leaching the stigma In germina­
tion medium prior to adding self pollen resulted in delayed germination. 
In a similar test, self- and cross-incompatible stigma leachates com­
pletely inhibited pollen germination, compared to 52% germination in 
the control. On the other hand, germination of pollen from a plant 
with weak SI was stimulated by leachate of a self-stigma. Sometimes 
cross- and self-stigma leachates both delayed or prevented germination. 
This confirms Ferrari and Wallace's (1977b) conclusion that stigma 
components should be fractionated for study of effects on pollen.
Delayed germination in self-stigma leachate is important for two rea­
sons. First, it is a sizable effect, probably more important than the 
decreased germination percentage. It indicates that the system can 
indeed be used to study pollen-stigma interactions in Cheiranthus 
allionii. Second, it raises some interesting questions about the 
nature of those interactions: 1) Are they due to components with short
half-lives? 2) Are those components continuously produced during that 
time when the SI response can be detected? 3) Are some stigma surface 
components actively broken down by pollen grains?
IV. CONCLUSIONS
Cheiranthus allionii Is a naturally occurring polyploid crucifer 
with a functional SI system. Reciprocal differences in cross­
compatibility and stigmatic inhibition suggest that control is sporo- 
phytic, as in other crucifers. Although no completely SC plants were 
found, strength of expression of SI varies and is probably controlled 
by a relatively small number of genes. Both weak and strong SI appear 
in the progeny of parents with weak SI, but progeny of parents with 
strong SI do not segregate. The SI system is stable to at least one 
generation of self-pollination, but there is no evidence of inbreeding 
depression in the first self-progeny generation. A 30% sucrose solution 
supports germination of pollen grains. Surface components from intact 
self-stigmas leached directly into the germination medium interfere 
with pollen germination and tube development. This organism is suitable 
for studying the SI system in populations of natural polyploids, as 
well as the effects of artificial selection on such an SI system. It 





SUMMARY OF RESULTS OF CONTROLLED POLLINATIONS IN 1978 FIELD STUDY
No. of No. of Seeds
Pollination Siliques Per Silique SE
1 ® 27 0.7 0.23
1 X 4 5 11.2 3.15
1 X 5 11 2.4 1.01
1 X 13 1 13.0 ---
1 X 25 2 6.0 2.00
2 ® 2 9.5 2.50
2 X 5 2 0.0 0.00
3 ® 18 4.1 1.00
3 X 6 2 0.5 0.50
4 ® 19 0.1 0.05
4 X 1 7 5.4 2.13
4 X 5 4 8.5 1.19
4 X 8 1 0.0 ---
4 X 9 2 10.5 1.50
4 X 23 2 0.0 0.00
4 X 25 4 0.5 0.29
5 ® 19 2.5 0.67
5 X 1 15 10.7 1.62
5 X 4 5 11.8 0.66
5 X 7 1 20.0
5 X 11 4 10.5 1.26
5 X 13 2 17.0 3.00
5 X 15 1 12.0 ---
6 ® 7 0.0 0.00
6 X 1 2 0.5 0.50
6 X 2 2 1.0 0.00
7 ® 1 0.0 ---
7 X 4 1 7.0
7 X 5 1 0.0 ---
7 X 6 2 16.5 0.50
7 X 12 2 7.0 1.00
8 ® 3 0.0 0.00
8 X 4 3 0.0 0.00
8 X 23 2 0.0 0.00
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SUMMARY continued
No. of No. of Seeds
Pollination Siliques Per Silique SE
9(g) 4 0.0 0.00
9 X 4 2 3.5 3.50
10® 4 0.5 0.50
10 X 24 4 5.8 2.66
10 X 25 3 7.7 2.33
11® 14 1.1 0.35
11 X 10 2 5.5 2.50
11 X 13 3 8.3 1.20
11 X 15 4 0.8 0.48
11 X 18 6 5.5 0.92
12® 2 0.0 0.00
12 X 10 1 2.0 ---
12 X 11 2 4.0 4.00
13® 6 1.8 0.83
13 X 1 3 4.7 1.33
13 X 11 3 10.3 2.33
13 X 15 2 11.0 3.00
14® 6 1.2 0.83
15® 13 1.8 0.80
15 X 5 1 0.0 ---
15 X 11 1 4.0 ---
15 X 14 1 10.0 ---
15 X 18 10 5.4 1.78
16® 3 2.3 2.33
17® 9 1.8 1.66
17 X 12 2 21.5 5.50
18® 10 7.4 1.71
18 X 11 6 11.8 2.63
18 X 15 4 14.0 1.78
18 X 17 1 1.0 ---
20® 4 2.3 1.65
20 X 14 1 1.0 ---
21® 8 1.8 0.82
21 X 16 2 11.0 1.00
22® 9 0.7 0.44
22 X 3 3 14.7 6.57
23® 3 0.3 0.33
23 X 9 4 9.0 2.12
23 X 12 2 8.5 7.50
















25® 16 1.4 0.45
25 X 1 3 8.7 4.33
25 X 4 5 2.6 0.75
25 X 10 1 2.0 ---
25 X 11 2 19.0 3.00
25 X 22 2 17.5 0.50
26® 13 0.3 0.17
26 X 22 5 0.6 0.40
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